Pseudomonas aeruginosa PAC1 is able to grow on shortchain aliphatic amides by virtue of a chromosomally located amidase (EC 3.5.1.4) (8) . Amidase activity is inducible and shows distinct inducer and substrate specificities (23) . The P. aeruginosa amidase system has been used extensively by Patricia Clarke and coworkers to study experimental enzyme evolution, and this work has been recently reviewed (11) . Initial cotransduction analysis showed that the amidase structural gene (amiE) and regulator gene (amiR) were closely linked (9) , and investigations of the regulation of amidase expression have shown that at least two independent control systems operate. Genetic and biochemical studies have shown positive control of amidase expression by the product of amiR (16, 19) , and genetic and physiological studies have shown the system to be subject to catabolite repression by succinate (39) .
To investigate the molecular mechanisms involved in amidase regulation, the genes from the magnoconstitutive mutant PAC433 (40) were cloned in bacteriophage lambda by selection for amidase activity in Escherichia coli (17) . A 5.3-kb DNA fragment carrying the amidase genes was subcloned into pBR322, yielding plasmid pJB950, and the location of amiE was determined (12) . The amiE gene was found to lie very close to one end of the DNA fragment, and subsequently both the DNA sequence and amino acid sequence of amidase were determined (1, 7) . Codon usage of the amiE gene reflected the high G+C ratio of the organism and the fact that the gene can be highly expressed. The DNA sequence upstream of amiE has been determined for PAC433 and the wild-type strain PACL. The two sequences differ at only one position, in the ribosome binding site. amiE is expressed from an E. coli-like promoter 150 bp upstream of the start codon, and the positive control exerted by AmiR under inducing conditions is mediated by a transcription antitermination mechanism whereby transcription from the * Corresponding author.
promoter reads through a rho-independent terminator and into the amiE gene (18) .
Studies using in vitro constructed deletions and subcloned DNA fragments in E. coli and P. aeruginosa have located the amiR gene in a 1.0-kb DNA region some 2 kb downstream of amiE and shown it to be transcribed in the same direction (13) . These investigations additionally found preliminary evidence that the amiR gene product is a 23-kDa polypeptide by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and showed that the promoter for amiR lies in an undefined region some distance upstream of the gene itself. The DNA sequence of the PAC433 amiR gene has been determined, and the amiR open reading frame has been identified (28) . Codon usage for amiR is very similar to that for amiE; however, on the basis of data base searches, the DNA sequence and amino acid sequence of the transcription antitermination factor appear to be unique.
The early genetic studies of the amidase system used Ami-mutations to define the amiE gene and constitutive mutations to define amiR, and subsequent investigations, including the use of an amiR(Ts) mutant, showed that amiR functioned as a positive controlling element. We have now isolated the wild-type amidase genes and constructed a series of new plasmids to investigate amiR expression. These studies show that amiR expression or activity is regulated by a previously uncharacterized negative regulator gene, amiC, and that mutations in this gene lead to constitutive amidase synthesis.
MATERIALS AND METHODS
Bacterial strains and plasmids. The E. coli and P. aeruginosa strains and parental and newly constructed plasmids used in this study are listed in Table 1 .
Media. E. coli strains were grown at 37°C in Lennox broth, and P. aeruginosa strains were grown at 37°C in Oxoid no. 2 broth. Antibiotics were used for E. coli and P. aeruginosa as described previously (13) . Growth of E. coli W3110 for preparation of phage vector L47 (27) and selection for X-ami recombinant phages on nitrogen-free glucose-acetamide minimal medium were as described previously (17) . For amidase assays on cells grown under inducing, noninducing, and repressing conditions, the media and conditions were as described previously (16) . DNA manipulations. Preparation of phage L47 DNA and P. aeruginosa chromosomal DNA was as described previously (17) . Plasmid DNA was isolated from E. coli and P. aeruginosa by the method of Birnboim and Doly (5) and, if necessary, was purified by ethidium bromide-cesium chloride centrifugation (3) . Ligated DNA samples were used to transform calcium chloride-treated E. coli JA221 as described previously (16) . Restriction enzymes, DNA ligase, Klenow fragment, and BamHI linkers were purchased from Anglian Biotechnology.
Plasmid mobilizations. Recombinant broad-host-range plasmids were constructed and characterized in E. coli JA221 and mobilized into P. aeruginosa strains either by using pTH10 as described previously (13) or by using HB1O1(pRK2013) in triparental matings (14) .
Amidase assays. Amidase activity in intact cells was measured by the transferase assay (8) (31, 33, 43) . Single-stranded DNA from M13 recombinants for use as sequencing templates was purified by standard methods (36) . Plasmid DNA for sequencing was prepared by the standard minipreparation method (32) . DNA sequences were determined by the chain-termination method (37) for M13 recombinants with universal primer and for plasmid recombinants with universal and reverse primers. Sequencing reactions utilized standard and 7-deaza-dGTP premixes (Pharmacia) and [35S]dATP (NEN). The sequencing strategy is shown in Fig. 1 .
DNA sequence analysis. The DNA sequence was analyzed with the GCG software package (version 6.1) from the University of Wisconsin (15) . The codon preference statistic (22) and third-position GC bias (4) 12 ,000 x g), and the cleared lysate was aliquoted and stored at -70°C after addition of 10% (vol/vol) glycerol. The crude cell extract was fractionated by fast protein liquid chromatography (FPLC) (Pharmacia) gel filtration and ionexchange chromatography. Two hundred microliters of cell extract (10 mg of protein) was applied to a Superose HR 10/30 gel filtration column prewashed with elution buffer (EB) (20 mM Tris HCl [pH 8.0], 1 mM dithiothreitol, 1 mM EDTA) and eluted with EB at a flow rate of 0.3 ml/min. The large peak eluting at 13 to 15 ml was collected in three 1-ml fractions. Each fraction was then loaded separately onto a MonoQHR 5/5 ion-exchange column prewashed with EB. The column was eluted with a linear gradient of 0 to 0.6 M NaCl at a flow rate of 1.0 ml/min. The fraction eluting at 0.32 M NaCl was characterized as AmiC by SDS-PAGE and appeared to be substantially free from other proteins. The purified AmiC protein was stored at -70°C in EB with 15% (vol/vol) glycerol.
N-terminal amino acid sequencing. The FPLC-purified AmiC was concentrated and desalted by high-pressure liquid chromatography (HPLC) using a Brownlee Aquapore RP300 (2.1 [inner diameter] by 60 mm; Anachem, Bedford, United Kingdom) with a solvent gradient of 5 to 65% acetonitrile in water at a flow rate of 0.13 ml/min. The acetonitrile contained 0.04% trifluoroacetic acid, and the water contained 0.06% trifluoroacetic acid, and the A214 was monitored. Apart from the salt flowthrough, a single large peak with a retention time of 21.8 min was seen and was followed by a broad tail. The main peak was collected and used for N-terminal amino acid sequence analysis. Approximately 80 pmol (5 ,ug) of HPLC-purified AmiC was subjected to N-terminal amino acid sequence analysis. The first 19 amino acids were sequenced by automated Edman degradation using an Applied Biosystems 470A gas phase sequencer with on-line detection of amino acid phenylthiohydantoin derivatives with a 120A HPLC (Applied Biosystems, Warrington, United Kingdom). The AmiC polypeptide gave a single amino acid sequence with an initial yield of 70% and repetitive yields of 91%.
Protein electrophoresis. Protein gel electrophoresis (24) was used to investigate cell extracts of strains carrying recombinant plasmids and to monitor the AmiC protein purification. Samples were mixed with loading buffer containing SDS and electrophoresed on SDS-8 to 12.5% polyacrylamide gels as described by Laemmli (24) . The gels were fixed and stained with Coomassie brilliant blue.
Nucleotide sequence accession number. The DNA sequence presented in this article will appear in the EMBL/GenBank/ DDBJ nucleotide sequence data base under the accession number X13776 as an update of the existing (amiR) entry.
RESULTS
Isolation and characterization of the wild-type (PAC1) amidase genes. A Sau3A partial digest of PAC1 chromosomal DNA was ligated to BamHI-digested arms of the A vector L47 (27) , and the mixture was packaged in vitro. The phage preparation was propagated on E. coli W3110 and X-ami phages were identified as described previously (17) by growth haloes around plaques after infection of W3110 on nitrogen-free glucose-acetamide plates. DNA was prepared from the phage of five Ami+ plaques and restriction enzyme mapped with HindlIl and Sall. A 5.3-kb HindIII-SalI amiER fragment was isolated from one of the recombinants and subcloned into pBR322. Plasmid pAS20 thus carries the wild-type amidase genes (Fig. 2a) and is similar to pJB950 (12) , which carries the same fragment from the magnoconstitutive strain PAC433. Restriction enzyme analysis of pAS20 showed no changes from the pJB950 map.
Investigation of the amiR promoter region. Previous studies with plasmid pJB950 indicated that the amiR promoter lay between KpnI (2.4 kb) and ClaI (3.25 kb), more than 400 bp upstream of the amiR open reading frame (Fig. 2a) (13) . Plasmids pJB950 (PAC433 genes) and pAS20 (PAC1 genes) were each cut with XhoI and SaiI and religated. After transformation into E. coli JA221, plasmids pSW1 through pSW5 were identified and characterized ( Fig. 2b and c) . Amidase assays were performed with strain JA221 carrying these plasmids and the two parental plasmids grown under inducing, noninducing, and repressing conditions ( Table 2) . The parental plasmid pJB950 shows low constitutive amidase activity (13) . pSW1, which has the small (658-bp) XhoI fragment inverted, shows a 10-fold decrease in activity compared with pJB950; loss of the 658-bp XhoI fragment and inversion of the large XhoI fragment (pSW2) cause a similar decrease in amidase activity; and pSW5, which has just the 658-bp XhoI fragment deleted, shows a high level of constitutive amidase activity, as seen previously with Bal 31-generated deletions in this region of the DNA (13) . The level of amidase activity from the wild-type genes in pAS20 is too low to be measured accurately under normal growth conditions (Table 2) ; however, loss of the 658-bp XhoI fragment causes amidase to be expressed constitutively (pSW3), and loss of this small fragment and inversion of the amiR gene XhoI fragment lead to residual activity (pSW4). As suggested previously (13) and now shown here, the amiR promoter does not lie within the 1.5-kb XhoI fragment, since inversion of this fragment causes loss of amidase activity (pSW2). These results suggest that the amiR promoter lies within the 658-bp XhoI fragment. In addition, the constitutive amidase expression from pSW3 indicates that regulation of amiR activity or expression determines the amidase phenotype.
Studies of amidase inducibility. To investigate amidase inducibility, several new plasmid constructs were made (Fig.  3a) . Plasmid pAS21 carries the PAC433 amiE gene HindIIIXhoI fragment joined to the PAC1 1.5-kb amiR gene fragment in the normal orientation. This plasmid yields a high level of constitutive amidase activity of 11.0 U under all growth conditions. This result, a confirmation of the pSW3 result, shows that either the site of action for a regulator or a regulator itself is disrupted in these constructs, and this disruption leads to constitutive amiR expression and thus constitutive amidase expression. Plasmids pSW36 and pSW37 (Fig. 3a) , derivatives of pAS20, were constructed to distinguish between these possibilities. pSW36 is a deletion derivative of pAS20 lacking the 250-bp Clal fragment which is 200 bp upstream of the amiR open reading frame and downstream of any proposed control elements; this plasmid shows a constitutive amidase expression level of 2.3 U under all growth conditions. pSW37 has an 8-bp BamHI linker inserted into the unique EcoRV target in the 658-bp XhoI fragment, and this in vitro mutation causes a constitutive expression level of 2.0 U.
To test the hypothesis that amiR expression or activity is normally regulated and that the amount of active AmiR produced determines the level of antitermination and thus the level of amidase expression, a transcomplementation system was constructed in E. coli (Fig. 3b) . Plasmid pDC5 carries the HindIII-XhoI amiE fragment from PAC433 (13), and pSW35 is a pKT231 derivative carrying the wild-type 1.5-kb XhoI amiR fragment. Strain JA221 carrying pDC5 and pSW35 produces a high level of amidase activity (mean value = 38.6 U) under all growth conditions. Such expression is AmiR dependent (13) , and by showing high amidase expression with amiR expressed from the vector neomycin phosphotransferase II promoter, the hypothesis is confirmied. We conclude from these studies that the level of amidase activity is determined by the level of expression or activity of amiR and that this regulation of amiR is at least partly determined by a new gene, amiC, which lies upstream of amiR.
DNA sequencing studies. The DNA sequence of the 658-bp XhoI fragment and the left end of the 1.5-kb XhoI amiR gene (Fig. 4) runs from the unique Kpnl target to when plasmidless, and PAC1(pSW40) grown in the absence the arniR initiation codon. On the basis of the codon preferof LPTG shows low noninduced and normal induced levels of ence statistic, third-position CC bias, and rare-codon usage amidase expression (Table 3) . This indicates incomplete 
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The purified AmiC protein was subjected to N-terminal amino acid sequence analysis for confirmation of the purification procedure and gene identification. The first 19 amino acids were sequenced and shown to be in complete agreement with the DNA sequence (data not presented). However, the amino acid analysis showed 5% N-terminal methionine and 95% N-terminal glycine. It is thus concluded that, under normal circumstances in vivo, the N-terminal methionine is removed. repression of the tac promoter by the lac repressor in pMMB66HE, since the region upstream of amiR has no promoter activity (13) . PAC1(pSW40) grown with IPTG shows constitutive amidase activity under all growth conditions by the provision of AmiR in trans. This finding confirms the pDC5-pSW35 result and shows that AmiR functions in the absence of the normal amide inducer and that regulation of amiR expression or activity determines the amidase phenotype. To test the role of amiC as a negative regulator of amidase synthesis, pSW41 was mobilized into two amidase-constitutive mutants, PAC101 and PAC111 (9) . PAC101 is the original constitutive parent of the magnoconstitutive strain PAC433 (40) and shows constitutive amidase activity under all growth conditions (Table 3) . pSW41, the amiC expression vector, carries the potential rpoN-dependent promoter sequences described above, upstream of the amiC open reading frame, and no differences are seen between results obtained in the presence and in the absence of IPTG in the growth medium. The presence of pSW41 causes a 75% reduction in amidase activity in PAC101, which is not relieved by the presence of amide inducer. PACll is an amidase-constitutive mutant which remains sensitive to butyramide repression, and pSW41 causes a greater than 10-fold reduction (7% residual activity) in amidase activity, which is again not relieved by the addition of inducing amide.
Overexpression, purification, and N-terminal sequencing of AmiC. For studies of the AmiC protein, plasmid pSW41 was mobilized into the amidase deletion strain PAC452. Preliminary studies showed that cell extracts of PAC452(pSW41) grown in the presence or absence of IPTG contained a major new band with a molecular mass of 43 kDa. This band was not present in the plasmid-free strain or in PAC452 carrying the pMMB66HE vector (Fig. 5a ). The AmiC polypeptide was purified to homogeneity by FPLC on the basis of its appearance on SDS-polyacrylamide gels. The initial fractionation using gel filtration showed that AmiC migrated as at least a dimer. A second-stage fractionation using ionexchange chromatography eluted AmiC as a single peak at 0.32M NaCl. The AmiC fraction from the ion-exchange stage was essentially free from other proteins (Fig. Sb) These studies indicate that the amidase system comprises two separately regulated units, the amiE gene regulated by transcription antitermination and the amiCR genes coordinately regulated from the rpoN-dependent promoter(s). The problem of induction and the function of inducing amides in the process remains to be solved and requires further investigation. At this preliminary stage, we have considered three different basic mechanisms for AmiC regulation of amidase expression. Firstly, AmiC is a conventional repressor which binds to an operator located either upstream of amiE, close to the amiCR promoter(s), or possibly both. This model seems unlikely for three reasons. AmiC shows none of the characteristic features of DNA-binding proteins (25) . The studies of Farin and Clarke (19) would have been expected to generate conventional amiC(Ts) mutants, that is, amidase inducible at low temperature and amidase constitutive at high temperature, and despite extensive searches, no mutants of this type were found. Finally, using filter-binding and gel retardation assays with the whole 5.3-kb DNA fragment and smaller fragments, we have been unable to detect DNA binding with the FPLC-purified AmiC (unpublished observation).
A second model for AmiC regulation could involve direct protein-protein binding between AmiC and AmiR to regulate the antitermination activity of AmiR. In this model, inducing amides would be expected to bind to AmiC and cause release of AmiR. The final model for AmiC regulation of amidase expression is one in which AmiC covalently modifies AmiR to regulate the antitermination activity. We have preliminary evidence that the purified AmiC exhibits protein kinase activity, and at this stage we believe that the covalent modification model represents the way in which AmiC regulates amidase expression.
This type of two-component regulatory system with a repressor and an activator is not unique to the P. aeruginosa amidase system. Two other apparently similarly regulated catabolic systems in unrelated bacterial species have been described. The bgl operon of E. coli, which degrades aromatic P-glucosides, consists of three genes expressed from a single, normally cryptic promoter. bglG encodes a transcription antitermination factor; bglF encodes a membranebound ,-glucoside permease-phosphotransferase and the structural gene, bglB (29, 38) . DNA sequence analysis has shown homology between bglG and the sac Y gene of Bacillus subtilis, another transcription antitermination factor (41) . sacY is closely linked to and coordinately regulated with sacX, and the two genes regulate sucrose-inducible expression of an unlinked extracellular levansucrase gene, sacB (26) .
In overall terms, it appears that the inducible amidase activity of P. aeruginosa is at least functionally similar to these two systems with an activator gene and a repressor gene. However, the amiC and amiR genes show no homology to the equivalent bgl and sac operon genes at the DNA or amino acid levels.
We have shown that in addition to the uncharacterized catabolite repression effects on amidase synthesis, there exists, at least, a two-component mechanism for regulating amidase expression. AmiC exerts a negative controlling effect upon the expression or, more likely, the activity of AmiR, and via transcription antitermination the amount of functionally active AmiR produced determines the level of amidase expression. At present the role of the rpoN-dependent promoters remains unclear. Previous studies by Potts and Clarke (34) have shown that amidase synthesis in the constitutive mutant PAC111 is not subject to control by the P. aeruginosa nitrogen-regulatory system. However, it is possible that the induction process requires expression from these promoter sequences.
